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Abstract

The evolution of the electrochemical double layer capacitance of glassy carbon during thermochemical gas phase
oxidation was studied with electrochemical impedance spectroscopy. Particular attention was paid to the initial oxidation
stage, during which the capacitance grows exponentially. This stage could be experimentally assessed by lowering the
reaction temperature and oxidant partial pressure. After a specific oxidation time the capacitance growth experiences a
cross-over to a logistic growth.
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1. Introduction by the chemical reaction of the carbon with the oxidant
[5-7,9,13].

Glassy carbon (GC) is a carbon material with voids of We have recently reported results on the film growth of
about 1 to 2 nm diameter, which are closed and separated GC during thermal activation [4,6,8,9,13]. In these publi-
against each other [1,2]. The voids (pores) can be opened cations, a model for the growth of the active film and the
by thermochemical gas phase oxidatiantipation) [3-9]. decrease of the sample thickness was presented, and
The opened pores then become accessible to gases and experimental data were compared with the model predic:
liquids and provide a huge specific internal surface area. tions. The model was based on the assumption that the film
Such activated GC can be utilized as an electrode material growth was confined to a sharp interface between film and
for electrochemical double layer capacitors [3,6,7,10—-12]. bulk, and the interface propagates into the sample interior.

The activation creates a film with open pores on the The activation of glassy carbon therefore represents a case
surface region of the GC, which envelopes the non-acti- of a predator—prey system [14].
vated, impermeable interior material [4—7]. We found that The double layer capacitance of activated GC per
the film growth is a chemical process controlled by the activated sample (filomne was found to be essentially
diffusion of reactants and products [5-7,9,13]. The film constant during activation [4]. Only a slight increase of the
growth is superimposed by a second process, which burns volumetric capacitance of about 10% per hour was found
off the film due to combustion. This process is controlled and could be ascribed to pore enlargement during activa-

tion [4]. Therefore, for longer activation times, the evolu-
tion of the overall capacitance per geometric sangka
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obtained by those techniques for the same samples are in
fair agreement.

In particular, we found a linear correlation between
internal surface area and double layer capacitance [4],
which gives an indication that the surface condition in the
activated GC is basically independent from its oxidation
condition.

These findings differ significantly from previously pub-
lished data [15] that treated a different system, that was
electrochemical activation of a different kind of GC. In
particular, unlike for electrochemical activation, thermo-
chemical activation requires no subsequent reduction to
obtain a reasonably high capacitance.

Phenomenologically, the evolution of film thickness and
capacitance per apparent sample area can be described by
square-root-shaped function, which, however, converges to
a constant value for large activation times. This growth
behavior is a manifestation of the diffusion limitation
during activation and particularly well observed for higher
oxidant pressures and higher temperatures.

However, growth of the active film is connected with the
evolution of open porosity and accessible internal surface
area, which is a continuous process taking place in the
entire film and not only at the interface between film and
unreacted core.

We now report results found on samples activated only
for a short time at low temperature or at low oxygen
pressure, which exhibit an exponential growth of the
capacitance.

Such a growth behavior represents the process of a
normal reproduction [14], that is, the growth rate is
constant and the change in internal surface area is propor-
tional to the surface area already present. The present work
addresses the evolution of the volumetric accessible inter-
nal surface area during thaeitial stage of activation.

Note that the diffusion limitation of the activation yields
a decreasing reaction rate; this is the logistic growth.

2. Experimental

2.1. Sample preparation

GC sheets of 1000 microns thickness were investigated.
The samples were cut into rectangular pieces measuring
about 1 cmx2 cm. The thermochemical oxidation was
carried out in a muffle furnace as described in Ref. [3]. As
an oxidant, mixtures of oxygen and nitrogen in four
different mixing ratios were used: 0.05 bay O and 0.95 bar
N,, and corresponding mixtures with 0.2 bar and 0.5 bar
oxygen partial pressure, and also oxygen with no nitrogen
added.

After a specified time, the first sample of a set was
removed from the furnace, while the remaining samples of
the set were kept in the furnace. Later, the second sample
was removed, and so on. So a set of samples, all activated
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at one particular temperature as described in Ref. [3] but

for different activation times, could be provided. Once

removed from the furnace, the hot samples cooled down

quickly at ambient atmosphere.

2.2. Electrochemical measurements

Each of the activated samples was contacted with a
gold-plated brass sample holder and covered with varnish,
with the exception of a free area used for the measure-
ments, the latter being the only GC area subsequently
exposed to the electrolyte. Experiments were carried out in
3 M H,SO, using a Potentiostat/ Galvanostat (EG&G 273
A) and an Impedance/Gain-Phase Analyzer (Solartron Sl
4260).

Prior to capacitance measurements, a cyclic voltammo-
gram of the activated sample was recorded with a scan rate
of » =10 mV/s over a potential range from 0.00 to 1.00 V
vs. saturated calomel electrode (SCE) in order to check the
electrochemical system for cleanliness and to obtain a
stable electrochemical system. Electrochemical impedance
spectra (EIS) were recorded at a potential of 0.9 Vvs. SCE
over a frequency range from 0.1 Hz to 100 kHz.

From the imaginary part of the impedande)Z), the
specific double layer capacitan@g(f) (farad/cnf ) of the
sample with the exposed arédawas determined for the
frequencyf = 0.1 Hz using the following relation:

-1

GO = o im A

1)

3. Results
3.1. Variation of temperature

Fig. 1 displays the capacitance per sample area for
samples activated with 0.2 bar oxygen partial pressure
(po,) at four different temperatures, for times up to 180
min.

The capacitance of the samples activated at the lowest
temperature T,=350°C) can be described by a linear
function in the semi-log plot, and thus, in linear axis, by an

exponential. Each of the plots in Fig. 1 has an inset, which

shows the data with linear axes.

A conceptual verification for the introduction of an
exponential will be given in the Discussion.

For samples activated for 3 h &C3%0rather low

capacitance has been observed, which is still far below the
saturation value. This saturation value can be obtained
after longer activation. However, samples activated at short

times such as 30, 60, and 90 min, were relatively difficult

to measure and show a deviation from the exponential

trend.
GC activatelf #400°C) shows a pronounced

exponential increase of the capacitance during the first 90



ARTICLE IN PRESS

A. Braun et al. / Carbon 1 (2003) 006-000 3

= &

(3} o

2 4

5 5

5 5

< «<

& & |

i 102 0 s 0 10 20 - 0 10 2 |

0 50 100 150 200 0 50 100 150 200
Activation time [min] Activation time [min]
10°, 10°

E 102 H ol eR T % " @

L E ° i

£ 10 s E 10l e S

3 3 e

g L f

g i 8 5 . 1

g 107 g 10 l !

= 102 . 190 . o © 10_21 l‘\‘ 50 100 150 200 !

0 50 100 150 200 0 50 100 150 200

Activation time [min] Activation time [min]

Fig. 1. Capacitance of samples (inset shows linear axes), activated at four different temperatures. The drawn line is the exponential least
square fit (Eq. (2)) to these data points.

min of activation. At about this time, the convex, exponen- logarithmic axis, as shown in Fig. 1. Those data points,

tial growth profile changes to a concave, square-root-like which indicate the exponential growth, are marked with

profile (see inset), such as when the capacitance would be filled symbols and are positioned on an approximately

approaching a saturation value. straight line in a semi-logarithmic plot. An exponential fit
The exact same trend is observed for the samples was applied to the selected original data as marked by

activated afT, (450°C); however, compared witffi,, the filled symbols.

curve profile is shifted by about 30 min towards shorter The four reaction rates for the activation process ob-

times when we compare the insets. This indicates that the tained for tempefjuce$, are displayed in Fig. 2 in

change of the growth profiles takes place already after 60 Arrhenius representation. The linear least square fit of the

min of activation. Even more remarkable, the slope of the

exponential increases by a factor of roughly two. 0 1

At temperatureT; (500°C), the change of growth mode
already takes place during the first 15 min of activation.

For all curves, an exponential could be fitted to selected _ -]
data points according to the following relation: =
=, rd
C(t) = C, - exp(kpo,, 1), 2) |
72 yd
with an initial capacitance of,, which should be around -
20 wF/cnt [4,6], Po, being the partial pressure of oxygen, /
and k a reaction rate constant depending on the tempera- 3 g
ture by Arrhenius’ law: 1.2 1.7

1.4 1.5
c 1000/T [1/K]
— _ A
KT) =kr .. exp( RT)' ©) Fig. 2. Reaction rate constants for reaction temperafiges T,
as obtained from the fit of an exponential to the capacitance data

To identify the range of exponential growth and select in Fig. 1. The straight line is a linear least square fit to the data
appropriate data points, the data were plotted on a semi- points.
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four data points yields a ratio of 8.028.0° K for E, /R, For the data obtained a,,=0.2 bar, the range of

with the gas constanR=8.314 J mol' K. This exponential growth was 30 min, and an exponential was

corresponds to an activation energy of 66.95 kJ/mol fitted to the data in this range as well. From the samples

which exceeds the literature data of 54.4 kJ/mol [1] for activateqbogt=0.5 bar (1 bar), 30 min (10 min) was

carbon combustion by about 23%. found as the appropriate range to apply the exponential fit.
With Po,=0.2 bar, the reaction rate constant at 460 We continue with the same approach as was already

was determined as 5.63 bar mih . carried out for the reaction rate in the temperature studies
The determination of the capacitance, and thus its (Eq. (2)):

growth behavior, is based on the presence of pores wide

enough for the electrolyte ions. Pores, which are opened by C(t) = C, - expk*po,t). (4)

the activation process, but too small for the electrolyte to

penetrate, do not contribute to the capacitance. Conse- The reciprocal of the producki(p, ) can be interpreted
quently, the activation energy is overestimated, which as a time constant,

partially explains the discrepancy to the literature value.

1
—=k*p,, (5)
3.2. Variation of oxygen pressure
such that
Fig. 3 displays the capacitance of GC activated at t
450°C, but at four different oxygen partial pressures. Ct) =G, exp(—T) - (6)
The data points in the upper left part of Fig. 3 were
obtained from samples activatedig, =0.05 bar. The first Values for the slope obtained from the data in Fig. 3 are
six data points (up to 150 min) can be represented by a listed in Table 1 (in the fomn @he value of 1+
linear fit. These data points are marked as filled circles and increases as the oxygen pressure increases. This means the
exhibit an exponential growth, since they are on a straight the rate of activation increases when the oxygen pressure is
line in the semi-logarithmic plot. increased. This experimental finding is expected and in
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Fig. 3. Capacitance per apparent sample surface area (niF/cm ) for four diffgremfter activation at 456C. The drawn line is the
exponential least square fit (Eqg. (4)) of these data points.
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Table 1

Capacitance, time of exponential growth, initial capacita@ge
and time constant of GC for variousp,,,. C, andr were obtained
by fitting Eq. (4) to the data points in Fig. 3

Po, Time Capacitance T
(bar) (min) C, (wF/cnt) (min)
0 - 20.0 — o0
0.05 150 155 14.1
0.2 30 20.0 3.7
0.5 30 18.7 3.0
1 20 12.9 2.4

line with the predictions of the mathematical model
published in Refs. [9,13].

We include in Table 1 also the trivial data point for the
activation with no oxidant at all. The values f&* are
summarized in Table 1, together wikhfrom the tempera-
ture studies. We note, however, that the values Kor
obtained from samples activatedmgf =0.5 and 1 bar may

during activation is the origin of this feature. We refer the
reader to Figs. 1-3 in Ref. [4], Fig. 3 in Ref. [5], Figs. 1-4
in Ref. [9], and Fig. 1 in Ref. [13] for drawings and
schematics about the film growth.
The first analytical derivation 0% is given by Briggs
[16]. We note that the series expansion‘@iimplifies to
an exact square-root growth law, when the burn off rate is
taken as zero [9,13].
Experimentally, the saturation thickness is proportional
to the ratio of the diffusion coefficient and the reaction
rate, as also observed for the experimental film thickness
data [9].
According to the observations made on the film thick-
ness growth [4,9,13], which exhibits a square-root-like
behavior with an oxidation time due to the properti&s of
the evolution of the capacitance should exhibit the same
behavior. Here we implicitly assume a linear correlation
between internal surface area and double layer capacity. In

fact, a linear correlation between internal surface area and

double layer capacity was found in one of our recent

be somewhat doubtful (0.66 and 0.42, respectively), studies [4] on activated glassy carbon.
because the range of exponential growth under such strong However, the square-root-like growth, as found in this
activation conditions could not be determined unambigu- study, seems not to be recovered when the activation is

ously.

4, Discussion

For samples activated only weakly (short time of
activation either at low temperatures or with angz), it is

observed that the capacitance per sample area increases not

square-root-like but exponentially.

The exponential part of the growth was not observed in
our previously reported film thickness studies on the same
material [9,13]. In these studies only a square-root-like
increase of film thickness during activation was found, and
we were able to quantitatively model the film thickness
evolution of the samples during activation within the
limitations of the extendedinreacted core model. Our
extended model took even the shrinking of the entire
sample during activation into account.

We exclude the trivial case where, when a thin GC

sample is considered, the films on either sample side may
become so thick that the unreacted core finally vanishes

and the two films meet in the center of the sample. This
stage is actually observed after 3 h of activation at 450
The evolution of the film thickness within this model
can be described by the so-call&éneralized LambertW
Function ¢4 [9,13,16], which mainly accounts for the
diffusion-controlled nature of the activation process. The
curvature of%§ is thus similar to a square-root function,
with the distinctive feature however that it tends to a
constant saturation film thickness for infinite activation
times, unlike the square-root function, which diverges for
its infinite arguments. The shrinking of the entire sample

retarded due to low temperature or Iy,. Experimental-
ly, we find a growth of capacitance, which can be
expressed by an exponential and thus appears like the
growth of a normal reproduction.
Only for longer activation times or higher oxidant
pressure, the curves for the capacitance follow the
behavior.
Obviously there is a crossover from the growth of
normal reproduction to a logistic growth [14].
The exponential part of the curve is particularly well
resolved for samples either activated wjth, low at
low activation temperature. While the temperature studies
give a fairly consistent trend, ftihe reaction rate
consténfr 0.5 bar and 1 bar in the pressure studies
seem to be underestimated (Table 2). One likely origin for
that could be that diffusion limitation plays already a
significant role under those conditions.
We believe that the stagenwl reproduction of the
activation is present during the entire activation process,
and that its range extends from the interface of the
unreacted core/film into the film for a characteristic length
which weargi of activation. Both the boundary and
the range propagate during activation into the sample

Table 2
Reaction rate constants(k*) (bar * min™*) for the temperature
(pressure) studies

T, Po, 0.05 bar 0.2 bar 0.5 bar 1.0 bar
350°C - 0.23 - -
400°C - 0.52 - -
450°C 1.42 1.25 0.66 0.42
500°C - 2.81 - -
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interior within the framework of a logistic growth problem whehes the surface area and is the mass of GCk**
(diffusion controlled, function). The stage of normal is the reaction rate constan,, is the partial pressure of
reproduction is probably the opening and widening of the oxygen. It follows
pores in the glassy carbon, which originally were closed.

It is throughout likely that the structure and the porosity dC
of the GC in this range have a gradient, just as its mass dt prZC (®)
density could also have a gradient. We have studied one ) ] ) )
partially activated GC plate of 60 microns thickness, with a Where C is the capacitance anklis also a reaction rate
film thickness of 11 microns after 1 h of activation with air ~ constant, which differs fronk by a constant factor only.
at 450°C. An optical Raman line profile scan was applied Sepqration of variable€ andt and integration yields the
to the fracture cross section of that sample. The scattered Solution
intensity over the film followed a linear profile, while the —~ .
profile over the unreacted core was constant. This linear cO=5 eXp(pr?t)' ©)
profile can arise from a linear porosity gradient, which is
the common origin of the square-root-like curvature of the
film thickness evolution. However, within the limits of
spatial resolution of the Raman microscopep(h) which
we employed, no deviation from the linear profile was
found in the vicinity of the interface between unreacted 5. Conclusions
core and film.

The stage of normal reproduction could also not be  Glassy carbon samples were thermochemically acti-
identified with scanning electron microscopy although this Vated, and their electrochemical double layer capacitance

technique was successfully applied to determine the overall Was determined with impedance spectroscopy. By lower-
film thickness [4,6,9]. ing the activation temperature and partial pressure of

Further experimental evidence for a difference between Oxidant gas we have retarded the activation so far that we
the film and the interface between film and unreacted core Were able to discriminate between the evolution of the
is provided by electrochemical impedance data, which volumetric internal surface area and the diffusion-con-
show that the so-called electrochemical diffusion resistance trolled propagation of the active film into the sample
of the electrolyte, which is confined by the pores, is Interior. )
significantly high for samples activated only short times at  The exponential growth mode of the former process can
low temperatures [4,6]. Upon further activation, the diffu- e interpreted as a normal reproduction of the internal
sion resistance decreases by several orders of magnitude tosUrface area in GC, as a result of pore opening and
a minimum. widening. It is likely that the major structural changes of

One explanation for this effect could be that, at the the GC during activation occur within this exponential
initial stage of activation, the pore entries are too small for growth regime. However, additional direct experimental
the electrolyte to penetrate, acting as a bottleneck, which techniques are desirable to elucidate the structural changes
results in the high diffusion resistance of the electrolyte. during activation, in particular the opening and widening

At this early stage of activation, pore walls would be ©f the pores in particular depth ranges of the samples.
thinned by oxidation, and thus pores will grow. Therefore, ~ As long as the logistic growth regime is not reached yet,
the internal surface area will increase accordingly. Finally, the diffusion resistance of electrodes from such materials is
at later stages of activation, the pore walls will vanish due Significantly high, probably because the pores are still too
to oxidation, and the internal surface area will decrease narrow for the electrolyte to penetrate easily. Once a
again. sufficient number of pores is opened and accessible for the

Hence, a proportionality between mass loss and increas- electrolyte, the diffusion resistance decreases and then the
ing internal surface area is justified for the early stage of material can be used as an electrode for electrochemical
oxidation. double layer capacitors.

The latter effect (decreasing surface area) was reported
in our previous studies [4,6], the former effect (increasing

Therefore, during the initial stage the growth follows an
exponential.

surface area) is the subject of the present work. Acknowledgements
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